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Abstract

There is relatively limited knowledge concerning our understanding of how
our immune system and brain take most of the available energy in a selfish
manner to compensate for their own needs on priority in high energy de-
manding situations. The main objective of this review is to understand the
energy allocation to immune system and brain in infections and/or fight or
flight situations. The immune system and brain behave in a selfish manner as
they allocate themselves majority of the total available energy. Insulin resis-
tance (IR) is used as a tool for energy allocation by these systems. The im-
mune system is activated as a response to stress and infection. Similarly, the
brain gets activated as a response to any external environmental impulse,
anxiety, and/or mental factor. These situations need to be dealt in a way to
minimize their adverse health effects. The immune system and the brain in
such situations need enormous energy for activation which is derived from
the energy quota otherwise allocated to other organs. This maximum flux of
energy towards these systems is achieved by making rest of the organs less
responsive to insulin, a condition known as IR. As immune system and brain
do not depend upon insulin for uptake of glucose, these systems are benefited
from IR. IR is indicated as a beneficial role ensuring maximum energy alloca-
tion to these systems for improving health and well-being.
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1. Introduction

Energy metabolism (EM) is the main driver of life [1] [2] [3]. One of the primary
aims of human energy metabolism research is to explore the ways and mecha-
nisms whereby the “energy balance (EB)” is ensured. EB is the relationship be-
tween “energy in” (food calories taken into the body through food and drink)
and “energy out” (calories being used in the body for our daily energy require-
ments), which is closely related to a number of disorders, for example, obesity
[4] [5] diabetes (Type II) [6] [7], hypertension [8], cardiovascular diseases
(CVD) [9] [10], renal failure [11], and a wide array of immunological disorders
[12]. Over the past more than hundred years, this area has been particularly in-
vestigated using both animal models as well as human subjects [13] [14]. Some
other important research areas that have a close link with energy metabolism
that have been extensively investigated are to (a) explore specific metabolic rates
of major organs and tissues across the human life-span [15] (b) investigate en-
ergy allocation to various organs and tissues of the body [16] [17], and finally (c)
investigate the factors that affect this complex network of energy metabolism
[18]. In this connection, aging [19] and IR [20] have been under particular focus
of research as these two traits interlinked to each other affecting various meta-
bolic pathways of EM.

2. Aging and Insulin Resistance Relationship in Immune
System and Brain

Aging is the climax of natural phenomena as far as the extent of extraordinary
physical and physiological changes are concerned. Age associated IR has been
investigated and studied extensively. Some of the findings suggest that IR is
found in many physiological and disease states. A few examples are diabetes
mellitus [21] [22], obesity [23], sepsis [24], different types of arthritis (including
rheumatoid arthritis) [25], systemic lupus erythematosus [26], ankylosing
spondylitis [27], trauma [28], painful states such as postoperative pain [29], mi-
graine [30], schizophrenia [31], major depression, and mental stress [32] [33].
Thus, IR seems to be not restricted to diabetes but is a common feature in great
variety of disorders. When considering these diseases, one observes two major
clusters of clinical entities that are linked to insulin resistance: 1) inflammation
with an activated immune/repair system, and 2) increased mental activation.

At this point, it is important to understand the question how the overall back-
ground and pathophysiology of IR is related to disease clusters. Some theories
have been presented in an effort to explain the phenomenon. These include the
glucose-fatty acid cycle theory [34], thrifty genotype hypothesis [35], starva-
tion-related insulin resistance, thrifty phenotype hypothesis [36], fight infections
theory of insulin resistance, central nervous resistance model, breakdown of ro-
bustness theory [6], cellular pathogen- and nutrient-sensing pathway theory
(metaflammation) [37] [38], and good calories-bad calories theory [6]. However,

none of these fully explain the two clusters [6].
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While IR is most often regarded as a pathological state to be treated, these
numbers and fact that IR is linked to so many disease states are indicative of a
beneficial role of IR. It is utmost important to find an explanation why IR is an
“all-time” phenomenon and a common attribute to many disease conditions that
are non-diabetic in nature. Other questions of interest might be: whether IR is
always a sign of abnormality? In what ways some organs (particularly those that
do not depend upon insulin for glucose intake) benefit from IR? What happens
if IR is acute or chronic? And finally, how does the human organism control its
energy supply, particularly in the context of “aging”? The answers to these ques-
tions are the key to treating many diseases: obesity and the so-called metabolic
syndrome with diabetes mellitus, hyperlipoproteinemia, hypertension and car-
diovascular diseases belonging to these disorders. To answer some of these ques-
tions, relatively, a recent concept; the model of energy regulation has emerged
[6], which suggests that central nervous system and the immune system are the
two main areas which actually benefit from IR-related hyperglycemia because
they do not become insulin-resistant. In addition, the immune system receives
an added benefit from insulin because it is an important growth factor for leu-
kocytes. IR-related hyperglycemia offers approximately 900 k] (215 kcal) per 24
hours to the two systems. In this review we will discuss these new concepts with

a focus of their possible implications in the context of aging.

3. 0ld Concepts New Meanings—Old Wine in New Bottles

There are always some old concepts with numerous new perspectives. The no-
tion of physiological division of labor, for example, introduced in the 1820s by
the French physiologist Henri Milne-Edwards, allowed to “compare and study
living things as if they were machines created by the industry of man.” Inspired
in the work of Adam Smith, Milne-Edwards wrote that the “body of all living
beings, whether animal or plant, resembles a factory— where the organs, com-
parable to workers, work incessantly to produce the phenomena that constitute
the life of the individual” In more differentiated organisms, the functional labor
could be apportioned between different instruments or systems (called by him as
appareils) [39].

In a way, the organs and systems of the body are usually considered to behave
within definite boundaries of their assigned physiological functions. In a con-
ventional way, it has been a usual practice to designate certain physiological
functions to certain body systems in a strict manner and lesser is attributed to
other systems towards their possible contribution for the accomplishment of
that particular function. The energy metabolism and its allocation and distribu-
tion have been a topic of great interest for researchers and biologists. There were
certain beliefs about the organ systems that restricted their role(s) to a particular
domain, and there were little or no consideration of the possible potential role of
these systems to some other non-conventional domains of human physiology.

As an example, the immune system has been conceived to perform many func-
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tions for the human organism; most are of a defense nature and mainly con-
cerning the protection of the body against foreign organisms, and maintenance
of homeostasis by eliminating damaged cells. Not much, if any, have been
thought of about the immune system in a non-conventional way of its function-
ing. A previously lesser investigated aspect of immune system was the regulation
of energy metabolism; an area which seems too much diverse from the body de-
fense. The “selfish immune system” and the “selfish brain” theories, however,
came up with some new perspectives and possibilities of the potential roles of
immune system and the central nervous system in the overall energy regula-

tions.

4. Selfish Immune System
4.1. Background

Selfish immune system is a theoretical concept recently articulated by Rainer
Straub [6] with inspiration of “selfish brain theory”. The “selfish immune sys-
tem” and the “selfish brain” concepts put immune system and brain hierarchi-
cally above the rest of the organism in allocating energy/nutrition. Different or-
gans have different energy needs (Table 1). For example, brain is of high energy
consumption [40] [41], but of low energy capacity [42] [43]. In addition, the
brain also exhibits substrate specificity with the preference of lactate, ketones
and glucose [44] [45]. During the “fight-or-flight” response or trauma/infection,
the organism vitally depends on either the immune system and thus these organs

are privileged in energy allocation.

4.2. Immune System Energy Regulation and Allocation

Immune response is energetically a highly demanding process as activated im-
mune/repair system required huge amounts of energy (25% - 30% of the basal
metabolic rate). For example, as previously reported [46] [47] [48] [49], the en-
ergy consumption in case of extensive burn wounds (up to 20,000 kJ/day or 4777
kcal/day) is approximately the same as during military jungle training (also
20,000 kJ/day) and more than during military arctic training (~18,000 kJ/day or
4302 Kcal/day). Although burn wounds represent the extreme end of the spec-
trum, it demonstrates the high energy consumption of the immune system (an-
other number on energy expenditure of the immune system is 15,000 kJ/day or
3585 Kcal/day in sepsis).

Energy is a limited resource for all vertebrates; a key determinant of survival
and reproduction. Since time to total consumption of stored energy is ~19 - 43
days, an acute energy-consuming change of homeostasis must be started and
terminated within this time frame, as otherwise permanent damage and finally
death may occur. One of the best known example of such a situation is fever,
which is caused by proteins (cytokines) that are produced by activated immune
cells. Fever comes at a metabolic cost: A 175-pound man would require more

than 250 calories daily to maintain a fever of approximately 2° Fahrenheit. To
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put that expenditure in context, the same man requires 373 calories daily for his
brain and 168 calories daily for his heart [50]. Other immune activities that re-
quire energy include producing proteins and generating new immune cells in

order to fight against infection [51].

5. Selfish Brain
5.1. Background

Brain also behaves in a selfish manner and allocates most of the energy for itself.
Brain is also a high energy consuming organ despite its relatively small mass.
According to the “Selfish Brain” theory, cerebral energy homeostasis has highest
priority in human energy metabolism. The pathologist Marie Krieger was the
first to provide evidence that the brain behaves in a “selfish” manner. She
showed that the human brain mass is preserved during inanition, while all the
organs of the body such as heart, liver, spleen, kidneys, and pancreas lose about
40% of their mass [52]. Her seminal findings have been confirmed both in hu-
mans and animals in adult and fetal life by using modern state-of-the-art tech-
niques [53]-[58]. These observations provide clear evidence that the brain must
actively demand energy from the body in order to maintain cerebral energy ho-

meostasis.

5.2. Mechanisms for Energy Allocation and Regulation to Brain

In case of environmental stresses, the typical energy pathway resembles the se-
quence of events as shown in Figure 1. As elaborated by Peters et al, [58], brain
regulates energy homeostasis via “brain-pull mechanisms”, that function by de-
manding energy from the body. Two brain-pull mechanisms have been detected
so far: first, allocative brain-pull mechanisms, which activate the stress system to
favor glucose allocation to the brain, and, second, direct astrocytic brain-pull
mechanisms, which enhance glucose transport through the blood-brain barrier.
The “body-pull functions” demand energy from the near environment by initi-
ating ingestive behavior to replenish body stores and blood glucose concentra-
tions. In this connection, mechanisms driven by extracellular cerebral glucose,
which is closely related to blood glucose, fulfill the function of exerting ingestive
body-pull. Cerebral supply chain; The supply chain of the brain with the central
nervous system as the final consumer; describes the energy fluxes from the re-
mote environment to the near environment, through the body and finally to-
ward the brain. The brain regulates energy homeostasis via brain-pull mecha-
nisms of cerebral insulin suppression (CIS). With cerebral activation of the
stress systems, energy particularly glucose is allocated to the brain. With activa-
tion of the sympathetic nervous system, insulin secretion from the beta cells is
suppressed and the insulin-dependent glucose uptake into body periphery be-
comes limited. As a consequence of CIS, glucose is available via insu-
lin-independent transport across the blood brain barrier. In this way, CIS can be

interpreted as a brain-pull mechanism.
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Table 1. Fuel reserves in organs of a typical 70-kg man.

Available energy in kcal (kJ)

Organ Glucose or glycogen Triacylglycerol’s Mobilizable proteins
Blood 60 (250) 45 (200) 0(0)
Liver 400 (1700) 450 (2000) 400 (1700)
Brain 8 (30) 0(0) 0(0)
Muscle 1200 (5000) 450 (2000) 24,000 (100,000)
Adipose tissue 80 (330) 135,000 (560,000) 40 (170)

Source: After G. F. Cahill, Jr. Clin. Endocrinol. Metab. 5 (1976):398.
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Figure 1. Pathway of glucose metabolism. Generally glucose metabolism involves these
main organs. They work in a close coordination to ensure steady supply of glucose to all
organs of the body. The glucose metabolism takes place in these basic steps: (A). The hy-
pothalamus senses the signals, (B) and then it influences the brain stem, (C) where the
autonomous nervous system has its origination, (D) this in turn, controls liver glucose
output, glucagon and insulin release.

6. Sickness Behaviour as a Main Tool for Energy Allocation
to Immune System and Brain

During infection, calories must be made available for the increased energetic

demands of the immune system. How our immune system and brain make
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sure the supply of required energy to them in infections/stress has been partly
explained by the pheonmena known as sickness behaviour [59] thus accompa-
nying fever [60], lethargy, depression, anxiety, malaise, loss of appetite, sleepi-
ness [61] [62] [63], hyperalgesia [64], reduction in grooming [65], and failure to
concentrate [66]. Sickness behavior is a motivational state that reorganizes the
organism’s priorities to cope with infectious pathogens [67]. It has been sug-
gested as relevant to understanding depression [66] and some aspects of the suf-
fering that occurs in cancer [67]. Sick animals and humans provide such calories
with a dramatic decrease in activity caused by increased fatigue and decreased
interest in pleasurable pursuits such as food, socializing, and sex [68]. The re-
sponses of sleep and withdrawal that dominate sickness behavior conserve en-
ergy that is then available for use by the immune system. Sickness behavior is
initiated by the host and not by the infectious agent; these changes can also be
induced by experimental injection with a noninfectious substance that activates
the immune system. Furthermore, this response has been conserved during evo-
lution. Even caterpillars and crickets show decreased interest in food and court-
ship during infection [69].

An acute infectious disease can be self-limiting and involve an innate immune
response of 2 to 3 days; the subsequent phase of the adaptive immune response
can last approximately 3 to 4 weeks. Similarly, many transient inflammatory
episodes include a healing phase that involves adaptive immune responses. The
typical germinal center reaction of affinity maturation of B cells occurs for 3 to 4
weeks from the beginning to end [70] [71]. The accompanying proliferative T
cell response undergoes a similar time course. The response of the adaptive im-
mune system with a maximum of proliferation until days 12 to 14 and subse-
quent contraction until days 21 to 28 is surprisingly constant in various acute
infectious diseases [72].

Acute self-limiting infectious diseases can be very energy consuming al-
though, in the presence of disease-induced sickness behavior and related ano-
rexia [73] [74]. Intake of energy-rich substrates can be significantly inhibited. To
explain these seemingly disparate observations, it can be proposed that sickness
behavior represents an element of an adaptive program that has been positively
selected for transient immune and inflammatory reactions to limit energy utili-
zation for such activities as foraging and courtship behavior [65] [75]. In such
situation, the immune response can not last forever because energy stores run
empty. Furthermore, sickness behavior can restrain activity and, for example,
confine the affected individual to a safe place to keep away predators [65] [75].
In considering energy stores available during these responses, it is important to
note that storage occurs primarily in fat tissue (12 kg of triglycerides in the body
of a contemporary person, 500,000 kJ), as well as in the liver (150 g glycogen,
2.500 kJ) or muscles (300 g glycogen, 5000 kJ; 6 - 7 kg muscle protein, 50,000 kJ)
[3] [76]. Under conditions of sickness behavior and anorexia without uptake of
energy-rich substrates but an increased sickness-related metabolic rate, the total

amount of stored energy would only last for 19 to 43 days in females and 28 to

DOI: 10.4236/fns.2019.101006

70 Food and Nutrition Sciences


https://doi.org/10.4236/fns.2019.101006

A. Almajwal et al.

41 days in males.

6.1. IR and Its Beneficiaries—The Immune System and Brain

The non-insulin-dependent tissues play a vital role in IR, which, as a result, in-
creases circulating glucose (hyperglycemia) and free fatty acids (Figure 2). En-
ergetic substances are not taken up in adipose tissue, liver, and muscle, and thus
are now freely available to all non-insulin-dependent tissues. The two main
profiteers of hyperglycemia are the central nervous system and the immune sys-
tem. Both of these organs do not become insulin resistant. In contrast, the im-
mune system profits from insulin because it is an important growth factor for
leukocytes and, with the help of insulin, major glucose transporters like glucose
transporter-3 and glucose transporter-4 are up regulated on all leukocyte sub-
populations [77]. Insulin resistance-related hyperglycemia offers approximately
900 kJ (215 kcal) per 24 hours to the two systems. While insulin resistance is
most often regarded as a pathological state to be treated, these numbers and the
fact that insulin resistance is linked to so many diseases and disease states are in-

dicative of a beneficial role of insulin resistance.

6.2. Glucose Uptake and Insulin Resistance during Aging

Immune cells, upon activation, switch their metabolism to increased aerobic
glycolysis to support rapid synthesis of macromolecules; this switch is associated
with increased glucose consumption by immune cells. Increased aerobic glycoly-
sis was originally described by Otto Warburg in cancer cells and it is now recog-
nized as being common for proliferating cells [78] for example during develop-
ment [79]. According to Straub, IR, leading to lower consumption of glucose
and hyperglycemia, is a physiological way for the brain or immune system to use
energy/nutrition during acute stress from the rest of the organism because brain
and immune cells themselves do not become insulin resistant. This is
“wise-selfishness”, because this selfish behaviour of the immune system or brain
is for short time and subsides gradually. Chronic insulin resistance, caused by
chronic inflammation or by chronic mental activation, on the other hand, is
“foolish-selfishness” as it leads to various pathologies such as diabetes, obesity,
metabolic syndrome or chronic inflammatory diseases.

As another example, inflammation is lifesaving when controlled and lasting
for a short duration, but deadly when not. Danger appears to put the immune
system on top in hierarchy, which overrides the “selfish brain”. The longer in-
flammation lasts the more organs and substances are co-opted by the immune
system. Chronic stress and low-grade inflammation can become immune sup-
pressive [80], which in itself can be protective to prevent further damage. It’s
been found that Alzheimer’s disease AD patients show a higher body tempera-
ture [81], but low brain metabolism and temperature, as you would expect when
the body is inflamed, but the brain “disposed” of. On the contrary, healthy older

people demonstrate lower body temperature and energy saving strategies like
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Figure 2. Insulin resistance and energy allocation. In response to the external factors

(stress, infections, fasting and/or famine) insulin resistance initiated. The liver and adi-
pose tissues react to IR. Liver starts making glucose from its glycogen stores. Adipose tis-
sues start making free fatty acids (FFA) as a result of lipolysis. The FFAs are mobilized to
skeletal muscles, cardiac muscles and all other parts that use FFA for energy generation.
These organs cannot use glucose as a fuel in situations of IR. The reason is they need in-
sulin for glucose uptake. The glucose made in the liver is mobilized to the brain and im-
mune system. These organs can use glucose as they do not depend upon insulin for glu-
cose uptake.

slightly lower metabolism, but normal brain function. The same strategy used in
all mammals and humans during calorie restriction [82]. Whilst humans can’t
truly hibernate in the strict sense of the word, a number of parallels can be
drawn. During the reduced physiological activity of torpor [83] animals showed
Alzheimer-anatomy [84]. But unlike humans, these changes disappear 72 hours
after emerging. Persistent low-grade inflammation can produce a metaboli-
cally-induced hibernation [85] through reduced activity of the thyroid gland in
order to conserve energy to divert to the immune system. If it is possible, then
why AD develops because of an evolutionary conserved mammalian hibernation
response that causes a low brain metabolic rate in order to put the immune sys-
tem at rest? In this way, the pathways leading to AD, whilst pathological, are ac-
tually protective [86].
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7. Final Words and Future Outlooks

The human brain and the immune system have become so important for human
physiology and evolutionary fitness that both systems have developed selfish
behaviours by their capabilities to pull on energy and other resources, with the
solemn purpose to maintain their own anatomies and optimal functioning [17]
[40] [58] [87] [88] and for the selfish immune system [6] [85]. Upon challenge,
an optimal human response therefore depends on the flexibility to (re)distribute
energy, and thereby in first instance prevent energy conflicts between the brain
and the immune system. The circadian rhythm, allowing the brain to dominate
daytimes and the immune system to exploit night times, illustrates how evolu-
tion shaped collaboration between these two highly selfish systems, while avoid-
ing conflict [46]. The selfish behaviour of the immune system may, from a
pathophysiological point of view, explain why lower gastrointestinal system
(LGI) disturbs the functioning of many other organs, including the brain. LGI
puts the immune system on top of hierarchic priorities as evidenced by the ob-
servation that the system even endorses breakdown of an essential muscle like
the diaphragm. Based on these arguments and scientific facts, we may conclude
that “foolish selfish” would mean pursuing the narrow self-interest in ways that
will work for the immune system and brain but might later bring animosity to-

«

ward the whole organism, while a “wise-selfish” would mean seeing that the
well-being of the immune system and the brain lie in the welfare of all the rest of
organs and system of the body.

How these selfish behaviors of the immune system and brain can be exploited
in old age. As we have previously reported that the aged are already having a
malfunctioning in their energy metabolism and energy allocation mechanism
[89], more prone to pro-inflammatory diets [90], disturbed by changes in their
body composition [91] and have compromised immunity [92] [93] [94] [95]. For
example, old age develops defective responses to counteract low blood sugar,
leaving them more exposed to the serious consequences of disabling hypogly-
caemia. Age associated changes in the brain’s ability to sense glucose may cause
this defect. As a clear understanding of how the brain of the elderly regulate
glucose may allow us to develop new and better treatments for age-associated
abnormalities in glucose metabolism resulting in diseases like diabetes. It also
rajses some interesting questions. Is the rise in diabetes, the consequence of a
selfish immune system or a selfish brain promoting glucose levels to cover their
own high energy requirements? Is this similar to a selfish immune system or a
selfish brain promoting hunger to cause obesity? Indeed, the parallel epidemics
of obesity and diabetes may have a common origin in hypothalamic dysfunction.
In rodents, high fat diet consumption leads to defective hypothalamic glu-
cose-sensing and hypothalamic inflammation, both of which lead to insulin re-
sistance and glucose intolerance. So is the major form of diabetes, in fact, a dis-
ease of the immune system or the brain? The future research should also focus

on the allocation of other nutritional resources. Whether the selfish immune
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system and brain have any role in the same way as they have in the enrgy alloca-

tion?
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